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Abstract
Spin accumulation effect in Fe3Si/p-Si structure with low boron doped silicon substrate was
found. Calculated spin lifetimes are comparable with results reported earlier but for structures
with highly doped semiconductors (SC) with or without a tunnel barrier introduced between the
SC and ferromagnet (FM). Electrical characterization of a prepared Fe3Si/p-Si diode allowed the
determination of possible reasons for the pronounced spin signal. Analysis of the forward bias
I-V curve revealed a Schottky barrier at the Fe3Si/p-Si interface with a height of 0.57 eV.Bpf =
Then, using impedance spectroscopy, we observed interface states localized in the band gap of
silicon with energy of ELS=40 meV. Such states most probably cause the observed spin signal.
We believe that in our experiment, spin-dependent hole extraction was performed via the
interface states resulting in the minority spin accumulation in the silicon valence band. The
observed effect paves the way to the development of different spintronic devices based on FM/
SC structures without dielectric tunneling barriers.
Keywords: spin accumulation, interface states, hybrid structures, Hanle effect, iron silicide
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Introduction
The addition of spin transport to CMOS and SOI devices
should lead to a new generation of devices with non-volatile
memory properties, high processing speeds and high inte-
gration density [1–5]. At present, there are a large number of
works on spin-dependent transport phenomena in different
SC-based structures [6]. Moreover, there have been several
reports on spin transistor working prototypes operated by
magnetic or electric ﬁelds or by optical methods [7–10].
Carrier spin injection into a semiconductor (SC) is the ﬁrst
necessary condition to introduce spin degree of freedom into
traditional electronics. Spin injection was demonstrated in Si
[11, 12], Ge [13, 14], GaAs [15, 16] and other semi-
conductors [17, 18] with various doping levels and types
using different ferromagnetic materials as injectors and di-
electric ﬁlms as tunneling barriers. Large scientiﬁc interest is
paid to spin injectors based on ferromagnetic (FM) Heusler
alloys with high spin polarization, like Fe3Si, Co2FeSi,
Fe2MnSi, Co2FeAl, since they can be epitaxially grown on
various semiconducting substrates [19–24]. In most of the
experiments on spin injection, in order to resolve the well
known problem of conductivity mismatch, three basic
approaches are used, together or separately: (i) the introduc-
tion of a tunnel insulator layer between the FM metal and SC
[11], (ii) heavily or degenerately doped SC wafers (1018 cm−3
carrier concentration and higher) [11, 12] and (iii) δ- doped
high carrier concentration sublayers on the SC substrate sur-
face [15, 19]. The ﬁrst method directly forms a tunnel barrier,
the others reduce the depletion region width in the SC to
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increase the tunneling rate through the Schottky barrier. One
of the few works devoted to studying the role of the Schottky
barrier in spin injection effectiveness demonstrated the pos-
sibility of spin injection into p-type silicon with doping
density as low as 1015 cm−3, but through a tunnel SiO2 layer
[25]. It was shown that regardless of barrier width the loca-
lized interface states contribute to the spin-polarized electron
tunneling current.
Furthermore, recent work of Rortais et al [26] revealed the
inﬂuence of defects on electrical spin injection into silicon and
germanium, and showed that defects in the dielectric layer have
no signiﬁcant contribution to the spin signal – a large spin
signal magnitude is actually related to the presence of localized
states at the MgO/Si interface. One may assume that localized
interface states on the Si side can play an important role in the
spin transport process in FM/insulator/SC structures. There-
fore the effect of localized states and paramagnetic centers in Si
requires further investigation. We believe that FM/SC struc-
tures and devices based on low doped wafers lack sufﬁcient
attention from the spin device research community. To the best
of our knowledge there are no reports on spin accumulation
effect measurements in low doped silicon FM/SC structures,
especially for those that utilize 3- terminal Hanle (3-T) [3] or
the nonlocal technique [27]. By low doping we mean lower
than 1018 cm−3 carriers concentration in the semiconductor
wafer or in the δ- doped layer.
In this work, we show the spin accumulation effect in an
Fe3Si/p-Si FM/SC structure processed using low boron doped
wafers (p=2×1015 cm−3). Most likely the spin signal
observed is due to the localized interface states, which were
experimentally detected using impedance spectroscopy (IS).
Experimental details
A 50-nm-thick Fe3Si epitaxial layer was grown at room
temperature on moderately doped 350 μm-thick p-Si(111)
substrate with boron concentration 2×1015 cm−3 (resistivity
ρ=7Ω·cm) by molecular beam epitaxy (MBE) in ultrahigh
vacuum conditions (UHV) using a specialized MBE system
described elsewhere [28]. Details of the epitaxial iron silicide
synthesis technology with the DO3 structure have been
described previously [29, 30]. The evolution of the RHEED
pattern during the Fe3Si epitaxial ﬁlm growth is represented in
ﬁgure 1. The RHEED pattern correspondeds to the deposition
time (t=0 min) and clearly shows the presence of Si(111)
7×7 surface reconstruction. After 1 min of the deposition
process (0.8ML) the 7×7 reconstruction is absent while three
spot reﬂections on (01), (00) and (01) streaks are still recog-
nizable. This stage may correspond to the growth stage when
the sample surface consists of the ﬂat growing islands of the
Fe3Si phase and a clear Si(111)1×1 surface. The streak
intensity increase and their broadening is easily noticeable at
t=3min (2.5ML) due to the increased proportion of growing
silicide islands. The spot reﬂections disappear at a value of
4.2ML and the RHEED pattern does not have any further
different reﬂections. One can consider the Fe3Si epitaxial thin
ﬁlm growth as the 3D island growth mode since at a nominal
thickness higher than 1ML the Si(111)1×1 reﬂection may be
still noticed. The continuous Fe3Si epitaxial ﬁlm appears to be
at 5 nm according to our previous research [31]. Thus, the
interfacial layer may contain a higher quantity of structural
defects formed during the coalescence of 3D islands than the
rest of the ﬁlm volume. This was conﬁrmed earlier by the
examination of an Fe3Si epitaxial ﬁlm with Rutherford back-
scattering spectrometry (RBS) channelling measurements [30].
Namely, the minimum yield χmin shows increased values for
the interfacial region Fe3Si/Si in comparison with the main
ﬁlm body. Moreover, the interfacial region is usually enriched
with silicon atoms due to silicon atom diffusion from the
silicon substrate at elevated temperatures [32]. Thus, one may
expect that the interfacial layer can demonstrate slightly dif-
ferent properties with respect to the main ﬁlm volume due
to changes in the chemical composition and chemical
order [33, 34].
Figure 1. Evolution of experimental RHEED pattern along Si[-110] direction of Si(111) surface during the Fe3Si epitaxial ﬁlm growth.
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In order to conﬁrm the epitaxial orientation relationship
(OR) of the Fe3Si/Si heterostrucuture the RHEED pattern of
the as-grown Fe3Si epitaxial thin ﬁlm (ﬁgure 2 (upper row))
was simulated with the kinematical approach (ﬁgure 2 (lower
row)), considering single electron scattering events at the sur-
face [35]. The OR obtained is Fe3Si(111)[1-21]||Si(111)[11-2],
which is consistent with our previous results [30, 36]. More-
over, the RHEED simulation approach allows us to addition-
ally carry out an estimation of the surface roughness. It
indicates the formation of islands with the length of 3 nm and
three Fe3Si(111) monolayers high (∼1 nm) and laying on the
Fe3Si(111) surface with the coverage of 0.3ML. The typical
average roughness (∼1 nm) of the Fe3Si ﬁlms measured by
atomic force microscopy [30] is in agreement with the simu-
lation results.
Polar (out-of-plane) and azimuthal (in-plane) angular
dependences (at 5° angular resolution) of ferromagnetic reso-
nance (FMR) spectra measured with the X-band (9.7 GHz)
spectrometer ELEXSYS E580 (Bruker, Germany). Figure 3(a)
represents the polar angular dependences of the resonance ﬁeld
HR that is deﬁned as the H value where the derivative of P with
respect to H is equal to zero: HR=H|dP/dH=0. Here, P is the
absorbed microwave power. The maximum of HR (14 580 Oe)
corresponds to the hard magnetization axis and is observed
when the external magnetic ﬁeld is normal to the ﬁlm plane
(θ=0). The minimum of HR (857 Oe) corresponds to the easy
axis and is observed when the external magnetic ﬁeld is directed
within the ﬁlm plane. This behavior indicates that the magnetic
properties of the ﬁlms are determined by shape anisotropy.
Furthermore, the azimuthal angular dependence of the resonance
ﬁeld HR (ﬁgure 3(b)) demonstrates the presence of crystalline
anisotropy in the plane of the ﬁlm. The saturation magnetization
calculated from the analysis of the angular dependences of FMR
resonance ﬁeld amounts to 1150 emu cm−3, which is close to
the maximum for bulk single crystal [37] and epitaxial thin ﬁlms
[38–40]. The large saturation magnetization in combination with
a small FMR linewidth (∼17 Oe in-plane geometry) and indi-
cates the high quality of the Fe3Si ﬁlm.
Figure 2. Upper row corresponds to experimental RHEED pattern along [11-2], [10-1] and [01-1] directions of the Fe3Si(111) surface after
the growth. Lower row—simulated RHEED patterns of Fe3Si surface along the same beam directions.
Figure 3. (a) The polar angular dependences of the resonance ﬁeld HR (out-of-plane geometry). (b) Amplitude map of azimuthal angular
dependence FMR spectra (in-plane geometry). Dashed lines show the crystal orientations [112], [21-1] and [211]. Experimental schemes and
sketches are shown for (c) 3-terminal planar microdevice for studying the Hanle effect and (d) Schottky diode for electrical characterization.
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For 3-T measurements in Fe3Si/Si structure, a 3-terminal
planar micro-scale device was fabricated (ﬁgure 3(c)) using
conventional photolithography process and wet chemical
etching in HF: HNO3: H2O=1: 2: 400 [30]. The distance
between contact№ 2 and contact№ 3 is 10 μm. To study the
Fe3Si/Si interface electric properties, a diode was fabricated
with an ohmic contact on the substrate backside (ﬁgure 3(d)),
for which the measurements of I-V characteristics were per-
formed as well as the temperature and frequency dependences
of the real (Re |Z|) and imaginary (Im |Z|) parts of impedance.
Studies of charge transport were performed at a cryogenic
probe station Lakeshore EMPX-HF 2 and a homebuilt facility
based on a helium cryostat and electromagnet [41, 42] using a
Keithley 2634b SourceMeter and Agilent E4980A for dc and
ac measurements, respectively, in the temperature range from
4.2 K to 300 K.
Result and discussion
Firstly, the magnetic ﬁeld dependences of voltage signal
ΔV23 were measured at a bias current I12=500 μA using
experimental geometry shown in ﬁgure 3(c). Curves for dif-
ferent temperatures behave similarly and have a Lorentzian
shape (ﬁgure 4). It indicates the occurrence of spin accumu-
lation under contact № 2 according to the 3-T method.
Injected carrier polarization is parallel to the magnetization
direction of the ferromagnetic contacts and lies in the sample
plane. Out of plane magnetic ﬁeld causes spin precession that
results in spin accumulation suppression. Note that in the
experiment, bias current I12 was positive, i.e., contact № 2
was under negative bias. That means that the device works in
a hole extraction regime. Consequently, spin accumulation is
caused by spin-dependent hole extraction from silicon to
Fe3Si. Moreover, we observed spin signal only in the
perpendicular magnetic ﬁeld (as shown in ﬁgure 3(c)), i.e.,
direct Hanle effect. At the same time, an inverted Hanle effect
[43], which is measured when a magnetic ﬁeld is applied in
the ﬁlm plane, was not found in our structure. This effect
appears in structures with rough interfaces and is related to
spin dephasing due to an inhomogeneous magnetostatic ﬁeld
near a ferromagnetic interface. In other words an inverted
Hanle effect must be observed when a fraction of accumu-
lated spins is oriented at a certain angle with respect to the
structure plane due to the interface roughness. In this case the
in-plane magnetic ﬁeld should enhance the spin accumula-
tion. Since such an effect has not been observed one may
assume that the Fe3Si ﬁlm is very smooth.
Using the expression ΔV(H)=ΔV (0)/(1+(ωLτs)
2) for
the 3-T Hanle signal [11, 26] we ﬁtted the experimental data by
the Lorentzian function (ﬁgure 4). The extracted half-width of
the ﬁtting curve in its half-maximum ΔΒ allows for the calc-
ulation of spin lifetime τs=1/ωL=h/2πghμΒΔB, where gh
is the Lande g-factor of holes (gh=2). For our devices,
experimental curve ﬁtting yields the following values:
τs=145 ps, 191 ps, 268 ps, and 124 ps, for T=300К, 200 К,
120К, and 100К, respectively. As can be seen from the inset
of ﬁgure 4 the temperature dependence of the spin lifetime has
a nonmonotonic behavior. Initially with decreasing temperature
from 300 K to 120 K τs increases. Further cooling below 120 K
leads to the decrease of τs. Furthermore, at 80 K the spin signal
disappears and, consequently spin lifetime cannot be extracted
from the experimental curve. At this stage of research it is
difﬁcult to give a detailed explanation or suggest mechanisms
responsible for the observed temperature dependence, only
some speculations can be made. Papers [44, 45] provide similar
features of spin lifetime observed in n-Si and n-Ge. Ishikawa
et al [45] shows that the temperature-dependent τs in Si layers
originates from the temperature-dependent mobility μ and
diffusion length D. Such an explanation may account for our
results at temperatures above 120 K. Based on Sze [46] both μ
and D parameters in p-Si should increase when cooling below
the room temperature, consequently τs should also increase.
However, within the framework of this simple model, the low-
temperature behavior of τs cannot be understood. Also this
effect cannot be related to any peculiar feature in the temper-
ature dependence and speciﬁc resistance of Fe3Si, which gra-
dually decreases from room temperature down to liquid helium.
This complex behavior could be related to the carrier freeze out
in low-doped Si below 120K [46] resulting in an exponential
drop of holes concentration at low temperatures. Nevertheless,
obtained values of the spin lifetime are comparable with other
reported results for silicon-based structures probed by 3-T
measurements. For example, for a structure with an epitaxial
MgO(001) tunnel barrier and Fe(001) electrode τs in highly
doped p-Si is 133 ps [47]. Previously reported [43] spin lifetime
values in highly doped p-Si with Al2O3 tunnel barrier and dif-
ferent ferromagnetic electrodes were 60 ps, 110 ps and 270 ps
for Fe, Co, and Ni80Fe20 electrodes, respectively. Another paper
[19] reports τs=470 ps in the FM/SC structure Fe3Si/n-Si
with δ-doped layer with narrow width Schottky barrier. How-
ever, it is important to note that in our case the spin injection
occurred into the low doped wafer with relatively high resis-
tivity (p=2×1015 cm−3, ρ=7Ω·cm). Moreover, our
Fe3Si/p-Si structure did not contain a tunnel insulator layer
between FM and SC. According to the standard spin diffusion
model [48], those two circumstances create a mismatch
Figure 4. Hanle curves for Fe3Si/p-Si device at I12=+500 μA and
temperatures of 300 К, 200 К and 120 К (symbols) and Lorentzian
ﬁts (solid lines)
4
Semicond. Sci. Technol. 34 (2019) 035024 A S Tarasov et al
conductivity problem which should have strongly reduced the
spin signal. So, let us explore the reasons why the spin accu-
mulation effect was quite pronounced in our device.
First of all, for spin injection into a highly resistive Si
interface, resistance should be signiﬁcant. For the FM/SC
structure, the Schottky barrier could provide such a high
resistance. We measured the I-V characteristics of a specially
prepared Fe3Si/p-Si diode and found that the curves
demonstrate rectifying behavior (ﬁgure 5(a)) which indicates
the presence of the Schottky barrier. Indeed, analysis of the
forward bias I-V curve by Cheung’s method [49] revealed a
Schottky barrier at the Fe3Si/p-Si interface, with height
0.57 eV.Bpf = However, for silicon with 2×1015 cm−3
doping the depletion region width is about 700 nm [50], and
such a barrier has a very small tunneling rate. In this case, the
charge transport may occur due to the charge transfer over the
barrier by thermionic emission. Therefore, the presence of the
Schottky barrier in our structure can hardly be the sole cause
of the spin-dependent transport effect.
The work of Dankert et al [25] reported efﬁcient spin
injection into silicon through a 736-nm-wide Schottky barrier
and tunneling SiO2 layer simultaneously. Authors considered
the mechanism of spin injection by tunneling via interface
states, the model of which was suggested earlier [51]. How-
ever, there were no attempts to detect such states, for exam-
ple, by optical or electrical spectroscopy techniques.
Assuming that in our structure there might be various surface
and interface states that most likely caused the observed spin
signal, we tried to detect them using impedance spectroscopy
(IS) [52–54]. By this technique one could measure the ther-
mal emission rate in the space-charge region located very
close to the crossing point of the Fermi level with the energy
level of states localized near the insulator/semiconductor
interface. A search of the crossing point was carried out by
temperature scanning during the IS experiment that induced
movement of the Fermi level within the forbidden band.
For the same Fe3Si/p-Si diode, temperature dependences
of the real and imaginary parts of impedance were measured
(ﬁgures 5(b) and (c)). At low temperatures, we observed a
sharp peak on the resistance curve and the peak temperature
position TP is frequency-dependent. This indicates the pre-
sence of a thermally activated energy state. This state charge-
discharges under the action of ac voltage bringing up peaks
and step features on the frequency and temperature plots of ac
Figure 5. (a) I–V curve of the Fe3Si/p-Si Schottky diode at 295 K. Temperature dependences of normalized (b) active and (c) reactive
resistances at different frequencies. (d) Tln P 3 2w( )/ / versus 1/TP plot allows calculating energy of localized states ELS.
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resistance, reactance, admittance or impedance. One can
estimate the state energy using the following expression for
the recharging rate: C N E k T2 expV LS B 1w bá ñ = - -( )/ [52].
Here ω=2πf is the angular frequency of the applied ac
voltage, C is the capture coefﬁcient, kB is the Boltzman
constant and β is the degeneracy factor. Since the valence-
band density of states NV(T)∼T
3/2 one can extract the
energy of localized states ELS from the slope of Tln P 3 2w( )/ /
versus 1/TP. We obtained ELS=40 meV for the extracted
value of TP observed at frequencies from 1 kHz to 250 kHz
(ﬁgure 5(d)). Such low energy means that detected states can
participate in dc transport processes even at room temper-
ature. Assuming the presence of a 0.57 eVBpf = Schottky
barrier and localized interface states in our structure, we can
construct the energy band diagram and propose a scheme of
spin-polarized holes transport (ﬁgure 6). As mentioned above,
contact № 2 was under negative bias (ﬁgure 3(c)), i.e. our
device worked in spin extraction regime. Holes from the
valence band tunnel via localized states into the Fe3Si elec-
trode. The tunneling probability of spin polarized carriers
depends on the density of states (DOS) of the corresponding
spin subbands D EF ( ) and D EF ( ) in the ferromagnetic
electrode. Initially both spin polarizations of holes in the
silicon valence band have equal DOS. However, since in
Fe3Si electrode spin up D EF ( ) and spin down D EF ( )
subbands DOS are different, the hole transport from Si to
Fe3Si becomes spin polarized. If Fe3Si is spin up polarized,
i.e. D E D E 0,F F -  >( ) ( ) then the spin up transport
channel prevails. We believe that as a result of the spin up
polarized holes extraction there occurs the spin accumulation
of holes with spin down direction in the silicon valence band,
i.e. minority spin accumulation. This process is highlighted in
ﬁgure 6. In reality the spin down holes also take part in the
transport but the probability of this process is much lower. It
is worth mentioning the possibility of energy levels splitting
the localized states. Thus formed spin subbands would also
have different tunneling probabilities. Another important
requirement for the two step tunneling to take place is the
availability of unoccupied localized states at the interface. We
believe that the low values of energy ELS extracted from our
IS data is a strong indication that, indeed, such sates are
empty within the temperature range in our 3T-Hanle
experiment. Unfortunately at this stage of our research studies
it is hard to elucidate the nature of these states. Perhaps they
are formed at the initial stage of the ﬁlm growth process.
Another possible reason for the sharp spin signal is
extremely high spin polarization of the ferromagnetic contact.
On the one hand, the spin polarization of the ideal structurally
and chemically ordered DO3 Fe3Si is about 50% [55]. On the
other hand, Karel et al [34] calculated DOS and theoretically
showed that the spin polarization can change from −12% to
77% due to variations of the chemical order in the Fe0.65Si0.35
compound. The strong dependence of Fe magnetic moment
on the nearest-neighbor environment of iron in Fe3Si and
FexSi1−x compounds was shown in work of Zamkova et al
[56]. Therefore, it can be assumed that Fe3Si in our structure
has an imperfect chemical order DO3 (this is also indicated by
XRD data [36]) which leads to an increase of the spin
polarization above 50%. However the 100% spin polarization
condition is likely not satisﬁed in our structure and it is
needed to circumvent the conductivity mismatch problem
allowing barrier-free diffusive spin transport. Still using the
proposed scheme of the interface states-assisted tunneling in
conjunction with Fe3Si highly spin polarized electrodes may
deliver higher spin injection efﬁciency than other structures
containing simple 3d ferromagnetic metals like Fe or Co.
Conclusions
Spin accumulation in low doped p-Si with epitaxial Fe3Si
ﬁlm was studied using the 3-Т Hanle method. The room
temperature spin lifetime τs=145 ps was extracted from
the voltage versus magnetic ﬁeld Lorentzian curves. The
obtained data is in good agreement with other reported
results for silicon-based devices. However, according to the
standard spin diffusion model, our structure should not
demonstrate a spin accumulation effect due to the high
resistivity of the substrate, which is the reason why most of
the spin injection experiments with the SC transport use
channels with high carrier concentration. We proposed
several reasons that explain the experimental data. Most
probably, the pronounced spin signal was due to the pre-
sence of localized interface states at the Fe3Si/Si interface.
This suggestion is supported by impedance spectroscopy
(IS) measurements. Within the framework of our model IS
revealed the interface states with energy EIS=40 meV
above the valence band edge in silicon. Thus, we suggest
that spin-dependent transport between Fe3Si and p-Si was
realized via the interface states, which led to minority spin
accumulation in the silicon valance band. Observed at room
temperature this giant spin accumulation phenomenon
indicates that it may become possible to create spintronic
devices based on FM/SC structures without dielectric tun-
neling barriers. We believe that our experimental ﬁndings
may help develop a deeper understanding of spin transport
phenomena in FM/SC structures.
Figure 6. Schematic energy-band diagram depicting spin-polarized
holes transport through the Fe3Si/p-Si junction via localized
interface states assisted tunneling.
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